types with HDAC inhibitors (HDIs) does not cause a global increase in transcription. Instead, only a small percentage of the genome is affected (Glaser et al., eral small molecules that are currently in clinical trials for oncology indications (Johnstone, 2002). Moreover,
Figure 1. Sequence Alignment of the Class I HDACs and HDLP
Residues that are identical across the enzymes are highlighted in blue, and the overall identities are 40%, 41%, 41%, and 31% between the sequence of HDAC8 and the sequences of HDAC1, HDAC2, HDAC3, and HDLP, respectively. The key catalytic residues in HDAC8 are also conserved in the class II HDACs. The sequences corresponding to the C-terminal domains of HDACs 1, 2, and 3 are not shown. Yoshida et al., 1990a Yoshida et al., , 1990b . SAHA is curand Sander, 1994) of the Protein Data Bank revealed rently in phase II clinical trials for the treatment of solid that HDAC8 has a core architecture similar to that found tumors and hematologic malignancies. The HDAC8 in two enzymes: arginase, which catalyzes the converstructures shed light on the catalytic mechanism of the sion of arginine to ornithine (Kanyo et al., 1996) , and an class I and class II HDACs and provide new information HDAC-like protein (HDLP) from the hyperthermophilic on substrate binding in the class I enzymes. These strucbacterium Aquifex aeolicus (Finnin et al., 1999) , an tures also provide a framework for the identification of enzyme with no known function but which shares apnovel HDAC inhibitors.
proximately 31% sequence identity with HDAC8. The ␣-carbons of the HDAC8 and arginase structures superimpose with a root-mean-square deviation of 3.5 Å over Results and Discussion two-thirds of the residues, primarily in the vicinity of the central ␤ sheet. The ␣-carbons of the HDAC8 and HDLP Overall Structure of HDAC8 structures can be overlaid with root-mean-square devia-HDAC8 comprises a single ␣/␤ domain that includes an tion of 2.2 Å over 90% of the residues. While the folds of eight-stranded parallel ␤ sheet sandwiched between 13 HDAC8 and HDLP are similar, the two protein structures ␣ helices ( Figure 2B) . While approximately half of the differ dramatically in the outer portions of their active amino acids are contained in canonical secondary strucsites, and in the conformations and topology of their ture elements, the other half of the residues in HDAC8 last 50 amino acid residues ( Figure 2C ). form loops that link the various elements of regular sec-Comparisons of the structures of HDAC8 and HDLP, ondary structure. The long loops emanating from the coupled with analysis of the sequence alignments of the C-terminal ends of the strands of the core ␤ sheet form a substantial portion of the volume of the entire enzyme class I HDACs and HDLP (Figure 1) , reveal that HDAC8 Figure 2C ). However, the conformations for catalysis. The carboxylate moieties of these aspartates form hydrogen bonds with the N␦1 atom of each of the L1 loops in HDAC8 and HDLP are dramatically different, and the HDAC8 loop is two residues shorter histidine, similar to the Asp-His charge relay system seen in serine proteases that is known to increase the than its counterpart in HDLP (Figures 1 and 2C) . The result is that HDAC8 has a wider active site pocket with basicity of the imidazole N⑀2 atom. There is a second metal binding site buried in the a larger surface opening. Interestingly, the sequence alignments shown in Figure 1 suggest that HDLP and interior of the protein in the vicinity of the active site, approximately 7 Å from the zinc, which in the HDAC8 HDACs 1-3 possess structurally homologous L1 loops, and that HDAC8 is the structural outlier in the vicinity structures is occupied by a sodium ion ( Figure 3A) . The metal is bound in an octahedral geometry by six oxygen of the L1 loop in the active site pocket. The functional implications of this observation are discussed in a later ligands in the protein: the carboxylate of D176, the side section.
chain hydroxyl oxygen of S199, and the backbone carbonyl oxygens of residues 176, 178, 180, and 200. The coordination distances between the sodium ion and co-The Structure of Active Site and Substrate Binding Tunnel ordinating groups varies from 2.5 to 3.0 Å . These distances and the octahedral coordination geometry are The HDAC8 active site consists of a long, narrow tunnel leading to a cavity that contains the catalytic machinery. consistent with what is commonly observed for sodium 
lysine products. I and II HDACs. A likely first step in the deacetylation Finnin et al. (1999) have suggested that H143 protonates reaction is a nucleophilic attack on the carbonyl carbon
the lysine after the carbon-nitrogen scissile bond of the substrate. Given that none of the residues in the breaks. In the HDAC8 structures, the histidine is approxivicinity of the substrate are reasonable nucleophiles, it mately 4 Å from where we would expect the amino group seems probable that this function is carried out by a of the lysine to end up during catalysis, suggesting that zinc-bound water molecule ( Figure 3D ). In the HDAC8 the protonation of the histidine may be water mediated. complex structures presented here, the hydroxyl group of the hydroxamic acid is likely a structural mimetic of the catalytic water. The zinc would lower the pK a of a
The Structures of the Four HDAC8:Inhibitor Complexes Show that the Surface of HDAC8 water proton, making the water more nucleophilic. The nucleophilicity of the water would probably also be in-in the Vicinity of the Active Site Is Extremely Malleable creased through hydrogen bonds with the N⑀2 of H142 and H143. In addition to affecting the pK a of the water, A comparison of the structures of the four HDAC8:inhibitor complexes presented here reveals considerable the zinc could facilitate the deacetylation reaction in two ways: (1) by reducing the entropy of the reaction by structural differences in the protein surface in the vicinity of the opening to the active site (Figure 4) . These differences suggest that this region is highly malleable and is able to change to accommodate binding to a variety of different ligands. From a physiological point of view, this flexibility suggests that HDAC8 might be able to bind to acetylated lysines that are presented in a variety of structural contexts. The differences that are observed in the HDAC8 surface around the active site are primarily mediated by the L1 loop (S30-K36) (Figures 2C, 4A, and 4B) . Among the four complexes, the position of the ␣-carbon of K33 in the L1 loop varies by as much as 6 Å with respect to the protein core. In the HDAC8:CRA-A complex, the L1 loop peels away from the protein, exposing a deep binding groove immediately adjacent to the acetyl-lysine binding site ( Figure 4C ). This groove measures approximately 13 ϫ 5 Å and reaches a depth of about 15 Å . the residues that line the groove collapse inwards, and (2) loop L2 (residues 97-103), which is poorly ordered about HDAC8 flexibility to the other class I HDACs. Sein the HDAC8:CRA-A structure, becomes ordered due to quence alignments of HDAC8 with the remaining class astacking interaction between the dimethyl aniline I HDACs suggest that the other enzymes in the family moiety of the active site bound TSA and Y100. The effect possess longer L1 loops, structurally similar to the loop of these changes is to close off a large part of the second observed in HDLP (Figure 1) . Based on the apparent binding groove, leaving a narrower second pocket. Surrigidity of the HDLP active site described above, it is prisingly, this second cavity is filled by a second TSA reasonable to assume that HDAC1, 2, and 3 also posmolecule ( Figures 3A and 4C ), which appears to have sess more conformationally static active sites than induced the collapse of the pocket to optimize protein-HDAC8. However, a definitive and thorough picture of ligand interactions. The second TSA molecule is rotated active site flexibility and function of the other HDACs by approximately 150Њ with respect to the TSA bound will require an understanding of how they each react to in the catalytic pocket, and inserts its dimethyl aniline accommodate different bound ligands, or ligands bound head group into the second pocket where it interacts in different environments. The identification of potent with several hydrophobic residues ( Figure 3A) . The hyand selective HDAC inhibitors will require similar infordrophobic linker of the second TSA molecule sticks out mation. Potent inhibitors can be identified by targeting of the second pocket and interacts with the acthe well-conserved catalytic machinery and binding tive site bound TSA (Figures 3A and 4C) . In the pocket. However, the identification of compounds that HDAC8:MS344 and HDAC8:SAHA structures, the L1 specifically inhibit a single member of the HDAC family loop moves toward the active site and positions K33 so will be aided by a clear picture of the structure and that the side chain methylene groups pack against the flexibility of the surface of each HDAC. F152 side chain, resulting in the occlusion of the second pocket (Figure 4) . The fact that HDAC8 is capable of The HDAC8 Structure Suggests How the Protein's exposing a large second cavity suggests that the en-Activity Is Regulated by Phosphorylation at Serine 39 zyme could deacetylate lysine residues that are sur- Lee et al. (2004) have shown that serine 39 of HDAC8 rounded by bulky amino acids, or in environments where is phosphorylated in vivo and in vitro by PKA, and that the lysine residues are partially buried. phosphoryation leads to a decrease in the enzyme's None of the HDLP structures exhibits an exposed activity. S39 lies at the surface of HDAC8, roughly 20 Å second binding site, presumably because HDLP has a from the opening to the HDAC8 active site and roughly longer L1 loop than HDAC8 (Figures 1 and 2C) . Analysis 13 Å from the opening to the second binding site (Figure of the HDLP structure indicates that it also possesses 5). S39 resides in a surface pocket comprising several a deep pocket adjacent to the active site, but that the hydrophobic residues, including V25, A38, F336, and pocket is occluded by the longer loop. The conformation part of H42. In addition, the hydroxyl group of the serine of this loop is virtually identical in the three HDLP strucis flanked on opposite sides of the pocket by two acidic tures (Finnin et al., 1999) , suggesting that the surface residues: E335 and D29. The D29 side chain hydrogen of HDLP is less malleable than that of HDAC8 around bonds with the serine hydroxyl group. It is also interestthe binding site pocket. The apparent reduced flexibility ing to note that a lysine residue, K36 has its side chain in the HDLP surface may also explain why it is less positioned between S39 and the active site pocket, 5 Å efficient in histone deacetylase assays (Finnin et al., from S39. This places K36 within range to directly inter-1999). act with phosphorylated S39. It is clear from the HDAC8 Using the structural comparisons between HDAC8 and HDLP, we can extrapolate the information gained structure that the placement of a phosphate in this envi- leads to a proposed catalytic mechanism that is similar to the mechanism proposed for HDLP. The structures for the design of novel HDAC inhibitors.
Crystallization Experimental Procedures
Crystals of the HDAC8:TSA complex were grown in sitting drops by vapor diffusion. A 50 nl protein drop (10 mg/ml HDAC8, 25 mM Tris-Expression
HCl [pH 7.6], 250 mM NaCl, 0.1 mM TCEP, 2 mM TSA, and 5 mM The HDAC8 gene was amplified from a cDNA clone by PCR and cloned into the pSXB2 vector, a derivative of pFastbacHTa (GIBCO-CaCl 2 ) was mixed with 50 nl of reservoir solution (12.15% [v/v] PEG
